This paper describes a Path Integral approach to the thermal factor in EXAFS applied to one-dimensional systems with asymmetric double-well potentials, which is considered to be one of the models for chemical reactions, structual phase transitions and surfaces within of the clusters. For these systems quantumtunneling effect plays an important role in both amplitude and phase of the EXAFS thermal factor. Classical approximation is not valid in the low temperature region, on the other hand cumulant expansion breaks at high temperature. We find an oscillating behavior in the phase of the thermal damping function, which is a specific feature for the case of asymmetric double-well potential.
Introduction
Theoretical approaches to the EXAFS thermal factor have been developed beyond harmonic approximation and classical approximation [1, 2] . The perturbation approaches are useful to describe weak anharmonicity in the analyses of temperature effects in EXAFS and they have provided interesting information based on cumulant expansion [3, 4, 5] . On the other hand, real space approaches have been widely used classical mechanically to relate the EXAFS Debye-Waller factors to interatomic potential [6] . Recently path integral technique is applied to EXAFS thermal factor for strongly anharmonic systems such as quartic and symmetric double-well [7] , Morse potential [8] and some real systems [9] . This approach can be applied to strongly anharmonic systems, where the cumulant analyses break. In this paper we apply the path integral approach to the EXAFS thermal factors with asymmetric double-well potential which plays an important role for structral phase transition, chemical reactions and so on [10] .
Theory
Let consider diatomic systems in a resorvir at temperature T whose relative vibrational motion is descrived by the Hamiltonian,
where is the reduced mass and q is the instantaneous interatomic distance. When we deal with statistical average of an operator A, we should calculate the trace A = 1 z Tr(A ) where is the density operator defined by = exp(− H), = 1/k B T and Z = exp(− F ) = Tr( ) is the partition function for the system. The trace can be calculated by applying Feynman's path integral techniques, however, instead of summing over all paths in just one step, one can classify the paths into two groups as proposed by Feynman [11, 12] . The final expression for the average of a local * e-mail: takaf@cc.hirosaki-u.ac.jp operator A can be represented in terms of the probability density P(q) just like in classical statistical mechanics
This expression, however, includes important quantum effects, and the probability is represented by
where the local effective potential
Now we used the self-consistent requirement [7, 12] to obtain the effective potential V e (q) and (q). In the EXAFS analyses the operator A should be exp(2ik q), where k is the wave vector of an ejected photoelectron, k = |k| and q is the projected relative displacement, which is simply given by q = q − q 0 (q 0 is the equilibrium interatomic distance, in this case q 0 = 0) in onedimensional cases. So what we should calculate to study EXAFS thermal factor is
in the plane wave approximation. When all the integrals in the cumulant and also the cumulant expansion converge, the thermal damping function G(k) can be written,
Result and Discussion
We now consider a strongly anharmonic system with asymmetric double-well potential
In the following applications we shall use the unit, = = 1 for simplicity. (See Fig. 1 .) The asymmetric potential V (q) is also shown for reference. The two minima of V (q) appear at q = ±1. Figure 1 shows the quantum and classical probability density P(q) for the asymmetric double-well potential described by eq. (7). The main peak position of the probability density is found at q = 1 in the classical case, on the other hand the peaks are shifted to the potential barrier in the quantum case because of the quantum tunneling effect. Figure 2 shows the second order cumulant q 2 c as a function of reduced temperature T calculated by use of the quantum (solid line) and the classical (dashed line) probability density P(q). A classical particle in asymmetric double well potential is frozen at the lower bottom of the potential well at low temperature, so q = 1 at T = 0. In the present asymmetric double-well potential, q 2 c = 0 at T = 0, whereas q 2 c = 1 for symmetric double-well potential [7] . In the quantum case, q 2 c for an asymmetric double-well potential shows similar behavior to that for quartic and symmetric double-well potentials [7] . Figure 3 shows the third order cumulant q 3 c as a function of reduced temperature T calculated by use of the quantum (solid line) and the classical (dashed line) probability density. The classical approximation gives good result at high temperature, on the other hand at low temperature that gives a poor result because of the quantum tunneling effect. Figure 4 shows the amplitude |G(k)| and phase in the thermal damping function at low temperature (T = 0.016) and Fig. 5 shows the same functions at high temperature (T = 2). They correspond to 8 K and 1000 K using the same parameter as for the symmetric double-well potential [7] . Although the symmetric double-well potential provides a real thermal factor as shown by eq. (5) because of the parity of P(q), the asymmetric double-well potential gives complicated k-dependence of |G(k)| and as shown in Fig. 4 and 5 . The photoelectron wave number k is scaled for the case of potential minimum = ± 0.1 Å. For the amplitude of the damping function |G(k)|, the Fig. 3 . The temperature dependence of the quantum (solid line) and the classical (dashed line) third order cumulant q 2 c for the asymmetric double-well potential. T is reduced temperature. Fig. 4 . The amplitude |G(k)| and phase part in thermal damping function of EXAFS for the quantum (solid line) and the classical (dashed line with circle) probability density at T = 0.016 (this reduced temperature corresponds to 8 K using the same parameter as for the symmetric double-well potential). The cumulant expansion up to forth order (solid line with triangle) is also presented.
cumulant expansion provides much better result close to the selfconsistent calculations obtained from eq. (5) than the classical approximation at lower temperature (Fig. 4) . On the other hand, the result of the classical approximation is better than the cumulant expansion at higher temperature (Fig. 5) .
For the phase function , the cumulant expansion is considerably good only at k < 10 Å −1 but it is poor at k > 10 Å −1 at lower temperature (Fig. 4) . The classical approximation oscillates and gives poor results. At higher temperature (Fig. 5) , the phase function in the classical and the self-consistent calculation show similar oscillations. This oscillation in the phase is characteristic for asymmetric double-well potentials due to the reflection of the photoelectron by two potential barriers. The cumulant expansion cannot predict such oscillating behavior any more. 
Conclusion
The real space method based on finite temperature path integral theory has been applied to EXAFS thermal factor for strongly anharmonic systems as asymmetric double-well potentials. We can study the applicability of the cumulant expansion and the classical approximation in EXAFS analyses. First, the probability density P(q) was calculated using a path integral approach for asymmetric double-well potentials. From the probability density, the second order cumulant q 2 c and the third order cumulant q 3 c were evaluated as a function of temperature. We also discuss a new feature observed in the phase oscillating of the EXAFS thermal factor for the present asymmetric double-well potential.
